The electronic transport properties of three-terminal graphene nanoribbon T-junctions are investigated using a quantum tight binding molecular dynamics scheme. The transport properties are found to depend very sensitively on the geometric features of the branches of the junctions. This dependence is even more pronounced than the corresponding dependence in the case of T-shaped single wall carbon nanotubes. This is attributed to the strong dependence of the conductivity of the nanoribbons on their chirality, width, and length. An additional factor that influences the conductivity of the T-junction nanoribbons is associated with the junction itself, i.e., the way the branches are interconnected.
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Freestanding graphene nanoribbons ͑GNRs͒ have been the subject of vigorous investigations following their experimental discovery.
1,2 GNR is essentially a single sheet of graphite confined by edges. These edges can be considered as defects in an otherwise infinite sp 2 network giving rise to many interesting electronic properties. 3 Depending on their edges, the GNRs can be classified either as zig-zag or of arm-chair type. 4 Since single wall carbon nanotubes ͑SWCNs͒ are formed from graphene ribbons by appropriate rolling, it can be expected that the transport properties of SWCN junctions could have some correspondence with those of the graphene junctions. Our work on SWCN Y-junctions have demonstrated the dependence of their transport properties on their geometric features ͓Refs. 5 and 6 and references therein͔. The latter include the chirality, the length, and the diameter of their branches as well as the symmetry of their junction region, the so-called spacer. On the other hand, GNRs have been found to exhibit a plethora of amazing electronic and transport properties which, being dependent on their geometric features, made them of significant importance not only in technological applications but also as prototype models for various theoretical investigations 7-11 due to their structural simplicity compared with the SWCNs. In view of these results, one expects junctions of Y-shaped or T-shaped graphene nanoribbons ͑to be denoted as Y-GNRs or T-GNRs, respectively͒ to exhibit pronounced dependence on their geometric features not only due to their structural relationship with the Y-SWCNs, but also because of the inherent unique properties of the graphene junctions themselves, namely the width and length dependences of the conductance of the graphene ribbons. The width of the GNRs is denoted by N which represents the number of zig-zag lines for zig-zag ribbons and the number of dimer lines for arm-chair ribbons.
3
The tight-binding ͑TB͒ methods predict the zig-zag ribbons to be conducting for all N and the arm-chair ribbons to be either conducting or semiconducting depending on their width N. 3, 12 According to the TB methods, arm-chair ribbons with width N =3m −1; m being an integer, is conducting. Otherwise, the arm-chair ribbon is semiconducting. However, recent computational works using the density functional theory ͑DFT͒ show finite gaps for zig-zag nanoribbons 7,8 and even larger gap when the GW approximation is used. 13 Also, DFT calculations for armchair nanoribbons show nonzero gaps.
14 Recent experiments have reported finite band gaps in all the GNRs that have been tested. 15, 16 More recently, a noticeable dependence of their conductance on their length has also been reported. 17 The branched GNRs of arm-chair type, therefore, offer a wide range of possible applications since one can fine tune their electronic properties by merely changing the width and/or the length of one or more of their branches. Furthermore, it can be claimed that, in the Y-GNRs or T-GNRs, one can investigate with much more ease the role played by the spacer symmetry in their electronic transport properties than in the corresponding SWCN cases.
In the present work, we investigate the dependence of the conductance of various T-GNRs on their chirality and other geometric features. All the structures studied are fully relaxed without any symmetry constraints using the generalized tight-binding molecular dynamics ͑GTBMD͒ method. 18 The quantum conductivity is calculated using the surface Green's function matching method. 19 This formalism is based on the theory proposed by Datta. 20 The tight-binding Hamiltonian used in the conductivity calculations is the same as that used in the GTBMD scheme for obtaining structural relaxation, ensuring consistency in the calculations. The formalism has been extensively used in the calculations of the electronic transport of various types of SWCN junctions. 5, 6 In Figs. 1͑a͒ and 1͑b͒ , we show the relaxed structures of a zig-zag and and arm-chair type T GNRs ͑consisting of 498 and 444 atoms͒, respectively. The horizontal branches will be referred to as the left ͑L͒ and the right ͑R͒ branch, respectively, while the vertical branch will be referred to as the central ͑C͒ branch ͓see Fig. 1͑a͔͒ . The branches of both these T-GNRs consist of metallic GNRs. This is because the zigzag branches are always metallic, while that of the arm-chair type include N = 14 dimer lines along their width, satisfying the N =3m − 1 metallicity rule. 17 It is worth noting that, in both of these figures, the central branch is joined to the straight part of the T-GNR by a pentagon-heptagon defect line ͑shown in red͒. Such a line, if created along the whole width of a GNR, has the property to convert part of the GNR from arm-chair to zig-zag type and vice versa. 17 In Fig. 2 , we show the calculated transmission function, T LR ͑E͒, between left and right branches of the GNRs shown in Figs. 1͑a͒ and 1͑b͒. In the inset of Fig. 2 , the transmission functions between left-right ͑LR͒, central-left ͑CL͒, and central-right ͑CR͒ branches for the GNR of Fig. 1͑a͒ are also shown.
Recall that a metallic arm-chair GNR of width-size similar to that of the branches of the T-GNRs shown in Figs. 1͑a͒ and 1͑b͒, exhibits very narrow conduction channels at energies E = −2.50, −2.25, and 0.00 eV relative to the Fermi energy ͑E F = 0.00͒. 17 Comparing these results with the transmission function of the arm-chair T-GNR shown in Fig. 1͑b͒ with the blue curve, it is observed that the addition of the central branch resulted in a broad conduction channel extended over energies below E F centered around E = −2.50-−2.25 eV and exhibiting a narrower conduction channel around E = + 3.0 eV. Correspondingly, in the T-GNR of zigzag type, the conduction channel extends around E = −2.50-−2.25 eV and reaches up to the energy of −0.60 eV. Worth noting is the observation ͑as evidenced in the inset of Fig. 2͒ that T CL ͑E͒, T CR ͑E͒, and T LR ͑E͒ of the zig-zag T GNR exhibit oscillatory structure and that the peaks of T CL ͑E͒ and T CR ͑E͒ are larger than that of the T LR ͑E͒ and appear at every third peak of the T LR ͑E͒.
In order to investigate the dependence of the conductance on the width of the central branch, we increase it and repeat our calculations. In Fig. 3͑a͒ , we consider a T-GNR similar to the one in Fig. 1͑a͒ but with a wider central branch and, in Fig. 3͑b͒ , we present the limiting case for the case in which the width of the central branch is increased until it covers the whole length of the horizontal part of the T-GNR. Their corresponding T LR ͑E͒ are shown in Fig. 2 by the green and red curves, respectively. The significant dependence of the T LR ͑E͒ on the width of the C branch is apparent in the figure. It can be seen that, by changing the width of the central stem the transmission function, T͑E͒ retains its major characteristics ͑i.e., remains confined over the same energy window͒ and exhibits both enhancement of the existing transmission channels and additional transmission channels as the width of the central stem deviates from the symmetric structure in Fig. 1͑a͒ . These observations may be attributed to defect states and their relaxation. No systematic trend is found in the variation of T͑E͒ with the width of the central stem. From the same figure, it can also be seen that chirality plays a minor role and the difference between the T͑E͒ functions of T-GNRs of Figs. 1͑a͒ and 1͑b͒ may be attributed to the different defect populations and to the existence or not of edge states.
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